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ABSTRACT 
 
 
 
 Origin of the Yellowstone hotspot system remains debated. Proposed hypotheses 
fall into two main categories that involve either a deep mantle plume or only upper 
mantle processes. Recent seismic tomography images suggest the existence of hot mantle 
upwelling beneath the present-day Yellowstone, lending support to the plume hypothesis. 
However, the effect of the Farallon slab on the temporal evolution of the hypothesized 
plume remains unclear. We use 4-D geodynamic models to investigate the temporal 
evolution of slab-plume interaction on the formation of the intra- plate volcanic province 
that includes the mid-Miocene Columbia River flood basalt (CRFB) and subsequent 
Yellowstone and Newberry hotspot tracks. We find that the sinking slabs dominate the 
buoyancy and dynamics of the system, and that evolution of the mantle upwelling is 
subject to that of the slabs. Our best-fit model with a hot upwelling starting at 35 Ma 
below the present-day Yellowstone can match both the mid-Miocene flood basalt event 
and the present-day lower mantle seismic image, suggesting a possible contribution of 
deep mantle to the CFRB. However, all models predict very little upper mantle residual 
hot anomaly, in contrast to the voluminous slow seismic anomalies, especially beneath 
the Snake River Plain. These models also fail to generate a vertical plume conduit below 
Yellowstone as suggested by seismic tomography. We conclude that additional 
mechanisms must be responsible for adding more heat to the western U.S. upper mantle. 
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CHAPTER 1: INTRODUCTION 
 
 
 
The Yellowstone volcanic field (Fig. 1), located in the Western United States, is an 
area with anomalously high heat flow that represents a classic example of continental 
hotspot (Morgan, 1972; Smith et al, 2009). The Yellowstone hotspot track is thought to 
initiate as the eruption of the Columbia River Flood Basalt (CRFB), and to subsequently 
modify the composition and strength of the North American lithosphere (Morgan, 1972; 
Matthews and Anderson, 1973; Smith and Sbar, 1974; Pierce and Morgan, 1990; Smith 
and Braile, 1994). However, the origin of the Yellowstone hotspot is a subject of much 
debate, as the sub-lithospheric structure and its associated mantle dynamics are not well 
understood (Morgan, 1972; Christiansen et al., 2002; Burdick et al., 2008; Faccenna et 
al., 2010; Obrebski et al., 2010; James et al., 2011). 
  
1.1 Geological Setting 
 
There are three main volcanic provinces associated with the Yellowstone hotspot 
system in the Pacific Northwest: the Columbia River Flood Basalts (CRFB), the 
Yellowstone Hotspot track, and the Newberry hotspot track (Fig. 1). 
Volcanism in this region commenced with the CRFB, in Mid-Miocene, which are 
characterized as a 700 km long track of N-S oriented rhyolitic lavas that extends along 
the border of Oregon and Idaho (Camp and Ross, 2004). The CRFB are the youngest and 
most extensively studied flood basalts on the planet. They erupted from 17-14 Ma and 
extend over an area of more than 160000 square km in eastern Washington, northeast 
Oregon and westernmost Idaho (Camp and Ross, 2004; Christiansen et al., 2002; Barry et 
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al., 2010). A series of N-S dike swarms are also associated with the basalt eruption 
(Jarboe et al., 2010; Faccenna et al, 2010). 
 The CRFB waned after 14 Ma and largely terminated around 12 Ma in northeastern 
Oregon (Camp and Ross, 2004), while volcanic activities along the southern border of 
Oregon persisted and gradually migrated eastward along the Snake River Plan to the 
present location of the Yellowstone Caldera (Fig 1, Pierce and Morgan, 1992; Smith and 
Braile, 1994).  
The Newberry hotspot track is the youngest among the three volcanic provinces. This 
hotspot track started from southeast Oregon, near McDermitt Caldera (Faccenna et al., 
2010), the same location the Yellowstone hotspot track initiated. But the northwest 
propagation of the Newberry track did not start until ~10 Ma, ending in the center of 
present day Oregon (Jordan, 2005).  
 
1.2 Plume Hypothesis 
 
Traditionally, formation of the Yellowstone hotspot system has been attributed to a 
mantle plume, likely originated from the core-mantle coundary (CMB) (e.g., Morgan, 
1972; Camp and Ross, 2004; Jordan et al., 2004; Smith et al., 2009; Obrebski et al., 2010; 
Schmandt and Lin, 2014). An early piece of evidence used to suggest a plume source is 
the well-defined hotspot tack with progressively older silicic volcanism in the direction of 
plate motion (Smith and Sbar, 1974; Pierce and Morgan, 1992).  The geoid has a 5-10 m 
positive anomaly, a similar magnitude to that over Hawaii, centered over Yellowstone 
(Smith and Braile, 1994).  
Some recent seismic observations are also in support of the plume hypothesis. 
Seismic tomography indicates a quasi-vertical slow anomaly beneath Yellowstone (Fig. 
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2), reaching a depth of ~1000km, and a prominent horizontal slow anomaly reaching 
>200 km depth beneath the Snake River Plain (Burdick et al., 2008; James et al., 2011; 
Obrebski et al., 2010; Schmandt and Humphreys, 2010; Sigloch, 2011).  Schmandt et al. 
(2012) found that topography variations along the 660-km seismic discontinuity show an 
upward deflection of 18 km below Yellowstone, indicating a possible influx of warmer 
material from the lower mantle. Their results further suggest that a temperature anomaly 
of ~150 °C higher than the surrounding mantle associated with this Yellowstone 
upwelling. 
The CRFB has also been argued to indicate a plume source, as it is suggested these 
magmas could not be produced from a shallow source and must be fed from the deep 
mantle (Waite et al., 2006; Stachnik et al., 2008; Barry et al, 2010; Darold and 
Humphreys, 2013). However, counter-arguments for a shallow origin also exist (Carlson 
& Hart, 1987; Christiansen et al., 2002). The CRFB eruption initiated around 17 Ma and 
continued to ~14 Ma (Barry et al., 2010; Jarboe et al., 2010). This suggests that, if CRFB 
was formed by a plume, this plume must have reached the surface at or prior to 17 Ma. 
Darold and Humphreys (2013) argued further that the CRFB was triggered to erupt 
because the plume caused delamination of the lithosphere. 
 
 
 
 
1.3 Non-plume hypothesis 
 
Other hypotheses for the Yellowstone hotspot formation involve the down-going 
slab and the surrounding mantle material.  It is argued that the geologic setting of 
Yellowstone conflict with a deep mantle source (Anderson, 2000; Humphreys et al., 
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2000; Christiansen et al., 2002; Christiansen and Lagesson, 2003; Faccenna et al., 2010; 
James et al., 2011), and there is no anomaly present below 1200 km in any tomographic 
images (Obrebski et al, 2010; Schmandt and Lin, 2014).  
Several geological factors are thought to agree with this interpretation. One major 
constraint is the type of volcanism associated with the area. A plume is not thought to be 
capable of generating the extent of the basaltic volcanism that continues to occur, 
especially in conjunction with the rhyolitic volcanism occurring to the NW during the 
same time frame (Christiansen and McKee, 1978; Christiansen et al., 2002). The presence 
of the Newberry hotspot track, which developed concurrently with but moved in the 
opposite direction from the Yellowstone track is another piece of evidence against the 
single-plume hypothesis.  The northwestern propagating of the Newberry track is more 
diffuse than the Yellowstone track, which propagates towards the east (Macleod et al., 
1976; Christiansen et al., 2002; Jordan et al, 2004; Faccenna et al., 2010).   
The slab is capable of generating large-scale poloidal flows rising from the front 
edge of the slab (Faccena et al, 2010), as well as generating toroidal flow around the slab 
edges (James et al., 2011), driving hot mantle material upwards, which could allow for 
large scale volcanism to occur.  The slabs in this area are thought to be subhorizontal 
laying in the transition zone, and might generate for a massive amount of hot mantle 
material to flow through the slab gaps towards the surface (Faccenna et al., 2010; James 
et al., 2011). James et al. (2011) further suggest the shape of the seismic anomaly 
diminishes with depth to too great an extent for a plume source.  
Other upper mantle sources have also been suggested.  Humphreys et al. (2000) 
suggest regional lithosphere thickness variation may cause local upper-mantle convection 
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to occur.  Due to the high surface heat flow and prominent slow seismic velocity to 
depths of ~200km, a large amount of partial melt is needed in the upper mantle (Saltzer 
and Humphreys, 1997). A shear motion between the asthenosphere and the overriding 
lithosphere is needed to explain the hotspot track formation. In this case, the hot mantle is 
subject to the motion of the continental lithosphere, which represents a natural upper 
mantle process (Schmelling 2000; Humphreys et al. 2000).    
 
1.4   Proposed Research 
 
In order to determine the source and dynamics of the seismic structure beneath the 
Pacific Northwest and their relation to the Yellowstone hotspot track, we design forward 
geodynamic models to simulate the interaction of the Farallon slab with an emplaced 
mantle upwelling below present-day Yellowstone. We attempt to match the model 
predictions to present day tomography and the hotspot track progression, starting at the 
eruption history of the CRFB (Camp and Ross, 2004; Christiansen et al., 2002). Our 
model is based on an earlier effort on forward predicting the upper mantle slab images 
using subduction models with data assimilation (Liu & Stegman, 2011; 2012). We further 
add in a hot anomaly to test the validity of a single lower mantle Yellowstone anomaly 
feeding the upper mantle, and its association with the Yellowstone hotspot. 
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CHAPTER 2: MODEL SETUP 
 
 
 
In order to model the behavior of the Yellowstone anomaly subject to ongoing 
subduction, we use the 3D spherical finite element code for mantle dynamics, CitcomS 
(Zhong et al., 2000).  CitcomS solves the governing equations for conservation of mass, 
momentum, and energy, under the assumption that the mantle is an anelastic, 
incompressible, viscous fluid (Zhong et al., 2000): ∇𝑢 = 0 −∇𝑃 + ∇ ∗ 𝜂 ∇𝑢 + ∇!𝑢 + 𝜌𝑔𝑒! = 0 𝜌𝑐! !"!" + 𝑢 ∙ ∇𝑇 = 𝑘∇!𝑇 + 𝜌𝐻 
 
where u, P, η, ρ, and T are the velocity, pressure, viscosity, density, and temperature, 
repectively; ez is the unit vector in vertical direction; cp, k, H, and t are the specific heat, 
thermal conductivity, internal heating production rate, and time. Table 1 lists the basic 
parameters we use in our models. 
2.1 Mesh parameters 
 
We utilize a mesh of 257 × 257 × 65 nodes in longitude × latitude × depth. The 
mesh covers the physical domain of 60° × 100° × 2800 km, centered on the Western US. 
We use variable grid spacing in all three dimensions, so the numerical resolution 
increases towards the center and surface of the model. Our finest mesh spacing occurs 
with a size of 20 × 12 × 7 km. To avoid return flow from the side boundaries, we have 
employed a wide enough box. The boundaries are located >2000 km away from the 
Yellowstone region.  
(2) 
(3) 
(1) 
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2.2 Initial and Boundary Conditions 
 
Initial and Boundary conditions are based on work previously done by Liu and 
Stegman (2011), allowing for temporally evolving plate boundaries.  On the top surface, 
we impose velocity boundary conditions from the plate reconstruction by Muller et al. 
(2008, Fig. 3a) and use slip-free conditions for all other boundaries.  We also use 
temporally evolving plate boundaries, to allow realistic migration of the subduction zone. 
Time dependent quantities such as plate motion, plate boundary coordinates, and sea-
floor age are taken from the open source paleo-geographic software GPlates (Gurnis et 
al., 2012). 
We use a strong non-thermal continent and a cold oceanic plate to facilitate 
subduction.  Paleo seafloor ages from the GPlates reconstruction are used to determine 
the top thermal boundary layer, including plate thickness, with a constant surface 
temperature of 300K. A zero heat-flux is prescribed on the continents (Fig. 3b).  
 
2.3 Rheology 
 
We use both a depth and temperature dependent viscosity (Figs. 3cd). The 
temperature dependence is determined by: 
η =η0 exp E T0 −T( )"# $%
 
where η is the effective viscosity, η0 is the pre-exponent viscosity constant, E is the 
activation energy, T0 is the surface temperature, and T is the temperature.  Values of 
these quantities are constrained by predicting the present-day slab images of the mantle 
(Liu & Stegman, 2011). We assume a four-layer background mantle viscosity structure, 
including the lithosphere, asthenosphere, mantle transition zone, and lower mantle.  The 
asthenosphere is the weakest layer (5x1019 Pa s), with a stronger transition zone (1021 Pa 
(4)	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s) and lower mantle (2x1022 Pa s). Density changes due to phase tranformations across the 
410 and 660km discontinuities use fixed values from Table 1.  
Besides temperature-dependence, sharper lateral viscosity variations are added to 
decouple the subducting oceanic lithosphere and the over-riding continental lithosphere.  
A weak mantle wedge is also included, in order to help facilitate subduction (Billen et al., 
2001).  
 
2.4 Mantle upwelling 
 
In order to simulate the mantle upwelling, we input a hot anomaly within the 
lower mantle (Fig. 3b). The initial geometry of the upwelling was a sphere of warm 
material with a radius of 200 km. A cylindrical thick (radius of 180 km) conduit is added 
to feed in new hot material from below.  This imposed heat source follows smooth 
distribution, with the maximum flux covereing the center 2/3 of the anomaly contour. We 
use a maximum temperature difference of 200 °C higher than the background mantle. 
This temperature profile represents the upper limit of what is expected from the 
topographic deflection of the 660 (Schmandt et al., 2012). 
  We modeled both an initial pulse of hot upwelling and a continuous input of hot 
material over time. We tested different start times for the initial emplacement of the 
anomaly in an attempt to match the hotspot track and CRFB eruption patterns.  We also 
tested different latitudes and longitudes of the initial anomaly position to best fit the 
location of the upwelling with present day tomography. 
We varied the magnitude of viscosity reduction inside of the hot material. We 
lower the effective viscosity of the upwelling by varying its temperature dependence. 
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Since we assume the hotter material would also be much weaker than the surrounding 
mantle, this allows for positive buoyancy to rise to shallower depths more easily. 
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CHAPTER 3: RESULTS 
 
 
 
In this section, we present the modeling results, which we compare with both 
present-day seismic tomography and the history of Yellowstone hotspot system 
(including both the CRFB and the subsequent hotspot tracks). The model construction is 
realized in two steps. First, we only simulate the subducting slabs, whose geometry at 
present-day is compared with fast seismic anomalies inside the western U.S. upper 
mantle. In this step, we attempt to predict the observed upper mantle fast seismic 
anomalies (Schmandt & Humphreys, 2010) with recycled oceanic slabs where the 
subduction model assimilates seafloor ages, past plate motion history and evolution plate 
boundaries. This step is similar to Liu and Stegman (2011), with the only difference 
being that we assimilate an overriding lithosphere with laterally varying viscosity 
structure that highlight the relatively weak Basin & Range province and the strong 
cratonic North America (Figs. 3c-d). The predicted present-day slab geometry is similar 
to that in Liu & Stegman (2011). 
Second, the above best-fit slab model is then used to test the slab-plume 
interaction, during which we trigger an active upwelling by prescribing a hot thermal 
structure inside the lower mantle. Overall, our results show that this additional hot 
anomaly has very little effect on the predicted present-day slab geometry (Fig 4-6). 
Regardless of the location of the imposed upwelling, the subducting slab largely 
maintains its original structure.  We can therefore focus on the behavior of the hot 
anomaly, and how it relates to the Yellowstone hotspot. 
	  	   11	  	  
 
 
3.1 Models with hot mantle anomaly 
 
We begin by determining the timing of the initial upwelling. We implement an 
upwelling beginning at 35, 32, and 30 Ma. With models from 35 Ma, we are able to 
predict the timing of the CRFB eruption, as the upwelling reaches the surface at ~17 Ma. 
This CRFB timing is the same as predicted from the earlier pure slab model (Liu & 
Stegman, 2012), confirming the conclusion that the presence of the hot anomaly has a 
minimum effect on slab dynamics. We conclude that 35 Ma represents the best timing for 
the emplacement of the upwelling, since this is an apparent way to directly link the hot 
anomaly with the formation of the CFRB eruption, a key feature in models for a plume-
origin of Yellowstone (e.g., Morgan, 1972). 
We then determine the lateral location of the hot anomaly needed to match the 
lower mantle tomography images. We start by running models with this anomaly located 
at different positions when first implemented, including being directly beneath the 
present-day Yellowstone caldera and being shifted away in the four cardinal directions 
(Figs. 2a, 4).  
In models ZZ and WW (Figs. 4a-f), the mantle upwelling at 35 Ma has been 
shifted to the east and to the west of Yellowstone, respectively. While the upwelling was 
able to reach the surface with timing consistent to the initial eruptive history of CRFB 
(Camp and Ross, 2004), these models do not match the position of slow seismic anomaly 
beneath the present-day Yellowstone.  
When shifted to the east (Figs. 4a-c), the upwelling becomes depressed by the 
slab, unable to reach the surface and is almost entirely outside the two cross-sections 
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(Obrebski et al., 2010; Schmandt and Lin, 2014). For model WW, with a western shift of 
the hot anomaly, we can see the root of this anomaly within the cross-section (Figs. 4a-c). 
In this case, the predicted lower mantle anomaly is located further west than tomography 
suggests. 
In models SS and NN (Figs. 4g-l), the mantle upwelling has been shifted to the 
south and to the north, respectively, relative to the present-day Yellowstone. For model 
SS, compared with models WW, we do see a more prominent uppermost mantle residual 
thermal signature.  Model NN is comparable to ZZ, with the upwelling being depressed 
from by the slab and not reaching the surface (Figs. 2, 4; Schmandt and Lin 2014). 
Overall, these models are not a good fit to tomography. 
 
3.2 Best-fit Model for the Yellowstone slow seismic anomaly 
We determine the best-fit location of the upwelling by matching the position of 
the slow anomaly found in seismic tomography (Obrebski et. al., 2010; Schmandt and 
Lin, 2014).  In our model, we find that the root of the upwelling remains largely 
stationary throughout the subduction history, indicating that the original emplacement 
location of the hot anomaly should be close to its present-day position (Fig. 5).   
We also vary the geometry of the strong craton. Initially, the craton has a straight 
western edge that runs parallel with the oceanic trench. Subsequently, we implement a 
curved craton edge such that its geometry is consistent with the seismically fast North 
American lithosphere (Fig. 3). This more realistic lithospheric structure does not affect 
the geometry of subducted slabs, but does help to produce a more localized hot anomaly 
pattern at shallow depth to the west of Yellowstone (Figs. 5, 6). 
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According to our best-fit model DD (Figs. 5-7), in order to fit both the present-
day seismic image and the timing of CRFB eruption, the hot upwelling needs to have a 
lower-than ambient viscosity. Tests suggest that the hot anomaly has to be greatly 
weakened compared to the surrounding mantle. For an initial emplacement at 35 Ma of 
the hot anomaly at 1000 km depth, we find a maximum viscosity reduction by 2 orders of 
magnitude inside the upwelling is necessary in order to be consistent with the geological 
and geophysical data. This viscosity structure allows for a large buoyancy flux associated 
with the upwelling, that could match both the 17 Ma CRFB and the present-day lower 
mantle slow seismic feature. 
We then examine the predicted time migration of the upper mantle upwelling with 
the Yellowstone hotspot track (Figs. 1, 5a). After the hot upwelling penetrates the slab 
gap at 17 Ma within eastern Oregon (e.g., Liu & Stegman, 2012), we observe a small 
degree of subsequent bifurcation of the thermal anomaly (Fig. 5a): while some amount of 
hot material moves slightly northward, majority of the hot anomaly follows an initial 
southward migration and a small subsequent eastward progression and expansion, 
relative to the stable North America before progressing westward to the present day 
location. This temporal behavior is not consistent with the observed migratory pattern of 
Yellowstone hotspot track. Our results predict much less eastward migration than the 
extent of the Yellowstone hotspot track.  This is because the down-going slab generates a 
strong trench-ward return flow within the mantle wedge and pulls the hot anomaly 
westward (Figs. 5a, 6).  
However, although both the predicted present-day location and volume of the 
lower mantle root of the hot upwelling closely match those suggested by seismic 
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tomography, the predicted volume of the upper mantle anomaly is minor compared to 
tomography (Fig. 5). First, the predicted hot anomaly forms a very thin layer with a 
thickness of only ~50 km, compared to >200 km in the tomographic image. Second, 
laterally, the predicted hot anomaly is restricted to the western part of the Snake River 
Plain (SRP), but the seismic image suggests a much broader region of slow anomaly 
underlying not only the entire SRP but also much of the Basin & Range province. Third, 
our model also fails to generate a vertical plume conduit beneath the present-day 
Yellowstone, because the strong westward return flow translates all material toward the 
subduction zone. Our predicted scarcity of hot anomaly within the transition zone and 
above is in agreement with the absence of 410 km topography variation from receiver 
function studies above the lower mantle Yellowstone hot anomaly (Schmandt et al., 
2012) 
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CHAPTER 4: DISCUSSION 
 
 
 
In this section we compare our best-fit model to previous modeling studies. We 
discuss the validity of models with an entirely plume-sourced origin and of studies 
arguing for a non-plume source. 
4.1 Evaluation of the Plume hypothesis 
 
Early models for the Yellowstone hotspot formation attributing a mantle plume as 
the source of magmatism (Morgan, 1972; Pierce and Morgan, 1990), usually assume a 
simple plume geometry. According these models, a narrow hot upwelling conduit feeding 
a larger mushroom-shaped “head”, which rises from the core-mantle boundary to the 
surface (Pierce et al., 2002). However, seismic tomographic images do not detect a 
“plume source” at this region above the core-mantle boundary, which consists of 
seismically normal or fast mantle (Grand, 2002; Ritsema et al., 2004). Recent 
geodynamic models focusing on lowermost mantle processes (McNamara & Zhong, 
2005; Steinberger & Tosvik, 2012; Bower et al., 2013) also failed to predict the 
formation of deep-rooted Yellowstone plume.  
In our models, the adoption of a mid-mantle hot thermal anomaly beneath the 
present-day Yellowstone is based on recent regional seismic tomographic inversions 
(Sigloch, 2011; Schmandt & Lin, 2014) and studies of 660 km topography (Schmandt et 
al., 2012). According to the classic definition of mantle plumes, we should not call the 
thermal anomaly in our model a plume, given the fact that it is not from the core-mantle 
boundary. Nevertheless, we focus on the dynamic interaction of this buoyancy feature 
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with the subducting Farallon slabs since the Miocene.  
Different from earlier conceptual models that suggest that the Yellowstone plume 
could erode and break through the Farallon slab by its own buoyancy (e.g., Obrebski et 
al., 2010), our results suggest that evolution of the hot mantle thermal anomaly is largely 
controlled by the slab-induced mantle flow. This is due to the much larger volume and 
greater strength of the slab pile than that of the hot anomaly, and that the lower viscosity 
hot anomaly would always yield to the slab. Indeed, the hot anomaly could not even 
initiate an upwelling if it is located right beneath a sink slab (Fig. 4). The hot anomaly 
could form an upwelling only when a slab gap is present (Figs. 5-7).  
Our model results suggest that the hot mantle upwelling, if placed at the 
appropriate location and time, could help better explain the formation of Yellowstone 
hotspot system. According to our earlier study, formation of the CRFB does not require 
the existing of a hot mantle plume (Liu & Stegman, 2012). However, the fact that our 
best-fit model satisfies both the present-day lower mantle seismic image and the mid-
Miocene CRFB eruption (Camp and Ross, 2004) does suggest that the lower mantle 
thermal anomaly might have contributed to the CRFB magmatism. This provides a 
solution to the ongoing debate about the geochemical signature of the CRFB magma, 
which was used to argue both for (Brandon & Goles, 1988; Hooper et al., 2007) and 
against a deep mantle origin (Carlson, 1984; Carlson & Hart,	  1987; Camp & Hanan, 
2008).  
The upwelling evolution in our model is similar to the recent analog model by 
Kincaid et al. (2013) in that both models suggest that the initial pulse of thermal 
upwelling at 17 Ma contributes the most to the Yellowstone hotspot dynamics, and that 
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the residual conduit of thermal anomaly does very little to subsequent hotspot evolution. 
Compared to the model Kincaid et al. (2013) that does not permit a direct slab-plume 
interaction due to the simplification of their model setup, our numerical simulations 
consider a more realistic dynamic evolution of a hot mantle upwelling rising through a 
segmented slab pile. In our model, the upwelling ascents from underneath the Farallon 
slab to above through multiple gaps inside the Farallon slab (Figs. 6,7), in contrast to the 
remote influence of the slab to the upwelling (Kincaid et al., 2013). Because of the closer 
vicinity of the upwelling to the slab pile, our model suggests that the slabs dominate the 
mantle flow for most of the time, with the upwelling making its own way up to the 
surface only during its initial breakthrough at mid-Miocene (Fig. 6).  
In the experiment of Kincaid et al. (2013), the early upwelling material 
subsequently bifurcates to form two opposite-propagating hotspot tracks, mimicking the 
Yellowstone and Newberry systems. This is likely partly due to the imposed surface 
kinematic velocity in their model that facilitates the thermal anomaly to migrate 
eastward. With a more realistic plate motion of North America, especially the westward 
extension of the Basin & Range crust relative to the cratonic continental interior (Liu & 
Stegman, 2011), we find that the earlier emplaced hot upwelling at 17 Ma feels a strong 
resistance to spreading eastward along the SRP. As a consequence, our model only 
predicts a mild extent of eastward migration of the hot anomaly along the Yellowstone 
hotspot track. Another reason for the difficulty of the upwelling material to propagate 
eastward is slab entrainment, a physical process similar to that occurring beneath a 
subducting slab (Liu & Zhou, 2015). 
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In conclusion, we suggest that a deep mantle hot anomaly could have contributed 
to the composition of the CRFB during its mid-Miocene eruption. The subsequent 
evolution of the hot anomaly could also have helped to form the Yellowstone hotspot 
track but with a minor role. We further suggest that additional non-plume heat source is 
needed to explain the voluminous hot mantle materials suggested by recent seismic 
tomography. This is similar to the suggestion by Humphreys et al. (2000) that an entirely 
plume-sourced hot anomaly could not adequately describe the extent of the dynamic 
processes associated with the Yellowstone volcanic system.  
Future research may include to further test the hypothesis of localized convection 
(e.g., Humphreys et al., 2000), to better constrain the origin of the deep mantle hot 
anomaly, including whether it was directly from the core-mantle boundary (e.g., Morgan, 
1972) or represents recycled oceanic asthenosphere (e.g., Liu & Zhou, 2015), as well as 
to explore the effect of the longer subduction history of the Farallon plate on recent 
mantle dynamic evolution (Seton et al., 2012). 
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FIGURES AND TABLES 
 
 
 
 
Figure 1:  Map of the study area. Major volcanic provinces noted, including the 
Columbia River flood basalt (CRFB), the Newberry hotspot track, and the Yellowstone 
hotspot track. Adapted from Pierce and Morgan, 1992. 
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Figure 2:  Seismic structure of the Western US, upper mantle from Schmandt and Lin 
(2014).  (a) Map view at 120 km depth. Grey circle srepresent tested model locations of 
the lower mantle hot anomaly. (b-c) Cross-sectional views, along the lines shown in 
panel b. A-A’ is plotted in panel b, B-B’ is in panel c. The black outlines represent the 
geometry of the putative Yellowstone plume. All maps and cross sections use the same 
color scale for seismic anomaly. 	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Figure 3:  Initial and Boundary conditions for the subduction model at 33 Ma. (a) 
Velocity (arrows) and temperature (background color) at 23 km depth. The dashed line 
indicates location of the cross section for panel b. (b) Vertical cross-section of the upper 
mantle showing the subducting slab and initial emplacement of the hot mantle upwelling. 
We place the hot thermal anomaly beneath Yellowstone, assuming a simple “plume” 
geometry: a spherical head on top and a thick vertical conduit extending into the lower 
mantle. (c) Lateral variation of the viscosity structure at 23 km depth, including rigid 
oceanic and continental plates and weak plate boundaries and mantle wedge. (d) A 
vertical viscosity profile along the same cross-section in panel b, illustrating the 4-layer 
background viscosity structure and the low-viscosity hot anomaly, as well as velocity 
(arrows) variation at depth. 	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Figure 4: Predicted present-day mantle structures from various models. (a-c) Model XX, 
where the source of the upwelling is located within the lower mantle but has been shifted 
to the east of where the anomaly appears in the tomography. Note the lack of hot material 
in the lower mantle. (d-f) Model WW, where the source of the upwelling has been shifted 
to the west. (g-i) Model SS, where the source of the anomaly has been shifted south. (j-l) 
Model NN where the source of the anomaly has been shifted to the north. Maps are all 
plotted at 30km depth  
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Figure 5: Best-fit model DD compared to tomography images. (a-c) Best fit location for 
lower mantle upwelling.  Colored polygons represent time migration of the surface hot 
anomaly. (d-f) Tomography model from Schmandt and Lin (2014).  (g-i) Tomography 
model from Sigloch (2011). 
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Figure 6:  Temporal evolution of the hot upwelling from 30 Ma to present. All cross-
sections are located at 45°N. 
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Figure 7:  Temporal evolution of the subducting slab (green surface) and the hot 
anomaly (red surface) for model DD in 3D views, with the left column facing westand 
the right facing west-down. (a-f) Early stage as upwelling rises and underplates the slab.  
(g-h) Mid-Miocene slab segmentation and upwelling penetration through the slab gab, 
originating at ~17 Ma.  (i-l) Hot material begins to spread laterallu.  (m-n) At present day, 
only a small thin layer of hot material remains in the upper mantle. 
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Parameter 
 
Value 
Radius of the Earth 6371 km 
Gravitational acceleration 9.81 m s-2 
Reference mantle density 3300 kg m-3 
Reference viscosity 1021 Pa s 
Thermal diffusivity 10-6 m2 s-1 
Density Change across the 410 km 
transistion 
330 kg m-3 
Density change across the 660 km 
transition 
660 kg m-3 
Temperature change across the 
lithosphere 
400 degrees C 
 
Table 1: Summary of model parameters 	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